Two types of quantitative criteria are compared that have been used to discriminate labeled and nonlabeled cells in steroid autoradiograms: multiplicative criteria and a criterion based on the Poisson distribution. Several factors affect the accuracy of the assessment of cell labeling, including variations in the length of exposure, variations in cell size, and possible nonlinearities in the grain density of autoradiograms as a function of exposure time. These factors have a greater effect on the accuracy of the determination of cell labeling when using multiplicative criteria, so that the Poisson criterion is more suitable.
The classic mode of action of steroids involves accumulation and binding of the hormone by the target cells (Katzenellenbogen and Gorski, 1976) . Detection of this binding by biochemical and autoradiographic methods has allowed extensive study of steroid action. Several factors make the autoradiographic technique the method of choice for studying steroid accumulation under certain circumstances. First of all, autoradiography is superior to other techniques in its ability to localize precisely those cells that accumulate steroids. Secondly, this fine-grained anatomical localization of target cells is particularly important in tissues, such as brain, that are heterogeneous aggregates of cells. Since biochemical techniques can only be applied to blocks of tissue that may contain both target and nontarget cells, the biochemical characteristics of the target cells may not be determined without interference by nontarget cells in the samples. Thirdly, in many species, steroid target neurons are found in very small nuclei that cannot be dissected easily for routine biochemical analysis. Finally, with the advent of a great variety of immunohistochemical and other techniques for determining the biochemical constituents and characteristics of single cells viewed under the microscope, it is now possible to combine techniques and compare steroid accumulation and other properties of single neurons or other cells. For example, it is possible to determine if catecholamine-containing cells also accumulate steroid (Heritage et al., 1977 (Heritage et al., , 1980 , and to 'Presented in part at the AUTORADIOGRAPHY WORKSHOP on April 11, 1980 , as part of the program at the annual meeting of the Histochemical Society, held in New Orleans, Louisiana, April 11-15., 1980. 'Supported by National Science Foundation grant BNS 77-05973 (to A.P.A.) and U.S. Public Health Service grant 5-SO7 RR07009-14 (to UCLA). determine the projections (by retrograde neuronal markers) of neurons in steroid autoradiograms (Arnold, 1980b) . These techniques greatly increase our ability to study steroid target systems. They also require that we refine our ability to recognize, on an individual basis, steroid-concentrating cells in autoradiograms and discriminate them reliably from cells that do not accumulate steroid. In what follows, I discuss briefly factors that influence our ability to make this discrimination in autoradiograms.
In Nissl stained steroid autoradiograms of central nervous system (CNS) tissue, presumptive steroid target cell bodies have a more dense accumulation of silver grainsover the nucleus or soma, when compared with adjacent unstained neuropil ("background"). It is possible to establish quantitative criteria for deciding whether or not a cell body has sufficient grains to be called labeled. Such criteria are necessary to avoid false positives (i.e., calling a nontarget cell labeled), since in any random distribution of silver grains, the density will fluctuate and be higher over some cells than over others by chance. Two types of criteria have been used. The first and more widely used is one of several multiplicative criteria. These involve selection of an arbitrary multiple of the background (usually four or five times background) and considering the cell labeled if it reaches this grain density (Zigmond et al., 1973; Arnold et al., 1976; Heritage et al., 1977) .
The second type of criterion is based on the Poisson distribution. If single spatial events (e.g., silver grains) occur randomly, then the numbers of grains found over areas (e.g., cells) of equal size is predicted by the Poisson distribution: P(x) = mxe -`"(x!) -' where P(x) is the probability that x grains are found in the sample area, and m is the mean number found in all such areas. It has been shown that in fields of cells that apparently lack steroid target cells, the numbers of grains situated over cells are distributed in a Poisson fashion, the mean of which is equal to the mean number of grains over cell-sized areas of adjacent neuropil (Arnold, 1980a) . Therefore, one can measure the density of silver grains over neuropil (background), calculate the expected number of grains (E) over any cell by measuring its area, and then use the Poisson distribution (where m = E) to predict the probability that a nontarget cell of that size would have 0 grains, 1 grain, 2 grains, etc. by chance. If the actual number of grains found over the cell is high enough to be quite unlikely (e.g., the probability that there are x or more grains is less than 0.01) then one can accept this cell as labeled. This is equivalent to establishing a one-tailed 1% confidence limit. Theoretically, the probability of a false positive is thus held constant at 1%.
The following discussion centers on the differences between these two types of criteria. It should be emphasized at the outset that both of these criteria are arbitrary in the sense that they are not derived from our knowledge of the cell biology of steroid accumulation. For example, the choice of a 5 times background criterion was not derived from an expectation from biochemical studies that steroid target cells typically bind five times the concentration of plasma levels of steroid. At present we have no basis for using biochemical data (or any other data on the steroid accumulation process) to make a rational prediction of the number of silver grains expected over steroid target cells. Therefore we are forced to use simple mathematical conventions such as these two criteria for recognizing presumptive target cells. But we should not lose sight of the fact that the criteria are mere conventions and as such are fallible.
The Poisson distribution has several important properties. When the mean (m) is low (near unity), the distribution is skewed to the right (Figure 1 ). At higher means (above about 7) the distribution approaches a normal distribution with the variance equal to the mean. At low means, the 0.01 confidence limit is a higher multiple of the mean or expected number of grains than at higher means. For example, if the background density is 1 grain per cell-sized area, a cell must have 5 grains over it to be considered labeled. If the background density is 7 grains per cell-sized area, a target cell must have 15 grains over it to be considered labeled. In the first case, the criterion is 5 Figure 2 . Three criteria are compared. The abscissa shows the expected number (E) of grains in a cell-sized area. E is the product of cell size and background grain density. On the ordinate is shown the level of each criterion, expressed as a multiple of E. The two multiplicative criteria, 5 X (5 times background) and 3 X (3 times background) are constant multiples of E. In contrast, as E increases, the 1% Poisson criterion decreases from 8 times E (for E = 0.5) to an asymptote at less than 2 times background for E greater than 8.5. times the background; in the second case it is 2.14 times background. This property of the Poisson distribution is shown in Figure 2 , and it has several implications for the application of this criterion.
In what follows, we will call the background per cell-sized area E the expected number of grains over a cell. This is equal to the cell area multiplied by the background density of grains.
Over most values of E (above E = 2) a 1% Poisson criterion is much less conservative than the more frequently used 5 times background (5 X B) criterion. But at low values of E, it is equal to the 5 times background criterion or is more conservative. The corollary to this statement is that any multiplicative criterion is inconsistent. When E is 0.6, the 5 X B criterion is 3 grains per cell. The probability of a false positive (equal to the probability that the cell will have 3 or more grains by chance, assuming the Poisson distribution over nontarget cells) is 0.023. When E is 5 grains, then the 5 x B criterion is 25 grains per cell. In this case the probability of a false positive is much less than 0.0001. Because of this decrease in the chance of false positives as E increases, the autoradiographer using multiplicative criteria runs the risk of too many false positives at low values of E, and too many false negatives (failing to recognize a labeled cell) at higher values of E. Use of the Poisson criterion allows for a constant probability of false positives.
It may be argued that there is a weakness in the Poisson criterion. Since at very low values of E, the Poisson criterion is more conservative than either the 5 X B or 3 X B criteria as shown in Figure 2 , a lightly labeled cell (e.g., with 4 times background) would not reach the Poisson criterion. This statement is correct. The remedy is to increase exposure period, which has the effect of moving to the right in the curve in Figure 2 . This increases E, increases the sensitivity of the Poisson criterion, and decreases the chance of false negatives. This apparent weakness in the Poisson criterion should not be taken to imply that the multiplicative criteria are superior at low values of E, since at such values there is a higher probability that a cell will reach 4 times background by chance alone. Since the multiplicative criteria suffer from an increased chance of false positives at low levels of E, they are not superior in discriminating target and nontarget cells.
Several factors influence the background per cell-sized area (E). They are a) any factors that increase the density of silver grains over both cells and neuropil, such as amount of hormone injected, specific activity of the isotope, and length of exposure of the autoradiograms; and b) cell size. In the preceding paragraphs, it was shown that multiplicative criteria are variable in their reliability as E changes. This can be restated as follows. Multiplicative criteria vary in the probability of false positives and false negatives when comparing cells of the same size in fields of markedly different background, and when comparing cells of different sizes within a single field, where background is constant. This is illustrated in Figure 3 . In this figure, a small cell is shown in fields of two different background densities. In A (low background), the cell has three grains over it, which is 5 times background density. However, according to the Poisson distribution, the probability that the cell would have three or more grains by chance is 0.023. (This can be determined quickly by consulting a table of cumulative terms of the Poisson distribution.) Thus, the cell does not reach the 1% Poisson criterion. In B, a cell of the same size is situated in a background that is 5 times as dense as in A. The cell again accumulates 5 times background (15 grains), but the probability of 15 or more grains by chance is less than 0.0001. In C, a cell five times larger is situated in a field of background identical to A. Like the smaller cell in A, it accumulates 5 times background, which is 15 grains. The probability that this cell would accumulate 15 or more grains by chance is again less than 0.0001. The conclusion is that when dealing with exceptionally small cells or low background densities, multiplicative criteria overestimate the relative number of labeled cells. When dealing with larger cells or higher background levels, the same multiplicative criteria tend to underestimate the relative number of labeled cells.
Because of the changes in sensitivity of both types of criteria over various values of E, studies comparing the number of labeled cells in two populations (e.g., in two sexes) should pay strict attention to the levels of background grain reduction and cell size in the two populations. Both of these factors influence E, and hence influence the ability to detect labeled cells. A large difference in the value of E between the populations could result in artifactual differences in cell labeling using either type of criterion.
In comparing the two types of criteria, it is important to determine if grain density is a linear function of the autoradiographic exposure period. Available evidence suggests that such linearity is the rule. Kopriwa and Leblond (1962) measured the grain density as a function of exposure of tritium-and carbon-14-labeled liver sections, using Kodak NTB-2 emulsion. They found that up to densities of about 1 grain per square micron, grain density was linear with exposure. Steroid autoradiograms produced in our laboratory are below this level. However, Rogers (1973, p 165-166, 230) suggests that three factors may interfere with this linearity. First, as exposure increases, there is an increase in the probability that a single silver halide crystal in the emulsion will be hit by two beta particles, thus reducing one grain for two disintegrations. Secondly, at high grain densities it may be impossible to resolve individual grains under the microscope, so that two grains would be counted as one. Thirdly, there may be fading of the latent image, especially if any moisture is present during exposure. Such fading may decrease the density of developable silver grains at an ever-increasing rate, which would interfere with linearity. If such nonlinearity occurs, then the relationships shown in Figure 4 might hold. This figure suggests that structures containing high levels of radioactivity (e.g., steroid target nuclei) will reach the nonlinear portion of the exposure curve before other structures (e.g., adjacent neuropil, or background) that contain less radioactivity. As shown in the lower portion of Figure 4 , the ratio of the grain densities over these two structures will increase initially during exposure, and then will decrease if there are any nonlinearities, since further exposure adds proportionately fewer grains to the cell than to background. Therefore, criteria for cell labeling based on simple ratios will detect labeling only during a restricted range of the exposure period, as illustrated in Figure 4 for the 3 times background criterion. In contrast, the Poisson probability decreases initially and stays low (this is the probability that the grain number over the cell would reach the indicated level by chance alone). The Poisson probability does rise slightly to the right of the curve in Figure 4 , but it stays below the 1% criterion. This relative insensitivity of the Poisson criterion to nonlinearities in grain density is a result of the fact that nonlinearities would occur at high grain densities, where the Poisson criterion is a small multiple of the background. Therefore, the Poisson criterion allows detection of cell labeling over a greater range of exposures.
One serious problem in detecting presumptive steroid target cells is that tritium-labeled structures in a tissue section may be too far from the emulsion to reduce silver grains because of self-absorption of the beta particles by the intervening tissues. At distances of 1-3 µm or greater almost none of the beta particles expose the emulsion (Pelc, 1972; Rogers, 1973, p 76) . Variations in cell size compound this problem, because large cells are more likely to be close to the emulsion than are smaller cells. Thus, if one observes that 20% of one particular cell type accumulates steroid using the Poisson criterion, it is likely that 20% is an underestimate of the true proportion. The magnitude of this underestimate depends on the thickness of the section and on cell size. A simple mathematical model provides a means for correcting the underestimate. If a radioactive cell is in the tissue section, then the probability that it is close enough to the emulsion to record itself is (z + d) /(t + d) where d is the diameter of the cell, t is the thickness of the section, and z is the average maximal distance that the cell can be from the emulsion to cause detectable grain reduction (Arnold et al., 1976, appendix; Arnold, 1980a) . Assuming that these values can be determined, the percentage of labeled cells can be divided by this probability to obtain an estimate of the true percentage of labeled cells.
Several problems interfere with our ability to determine the values in this equation. The first is that section thickness may not remain constant after sectioning. Since the section is dried either before (dry-mount technique, Stumpf and Roth (1966) ) or after (thaw-mount technique) applying it to the emulsion, the tissue may be compressed and its thickness reduced. Determining tissue thickness during autoradiography is thus not a simple matter of reading the dial on the microtome. Secondly, the ability of beta particles to reach the emulsion depends on the density of the intervening tissue. The mean path length is apparently somewhat longer through the cell nucleus than through cytoplasm (Rogers, 1973, p 77) . Thus it is difficult to choose one distance as the maximum distance allowable for the radioactivity to be recorded in the emulsion.
In spite of these difficulties one can use the above formula to gain an appreciation of the limits of the correction factor, and this can help in comparing populations of labeled cells. For example, cells in the magnocellular nucleus of the anterior neostriatum (MAN) in the male zebra finch brain accumulate hormone after injection of tritiated testosterone (Arnold et al., 1976) . Fewer cells in female MAN accumulate hormone (Arnold, 1980a) . Because the male cells are larger than the female cells, the sex difference could in part be a result of cell size differences, since large cells are more likely to be close to the emulsion. However, when rather extreme values of z and t are used in the above equation, one can assess what is the maximal effect that cell size can have on the observed percentages of labeled cells. Thus, even in the worst-case estimate, the magnitude of the sex difference in labeling in MAN cannot not be accounted for on the basis of bias due to sex differences in cell size (Arnold, 1980a) . For this type of comparison, the imperfect mathematical correction model can be of some use.
Although theoretical matters seem to point strongly toward use of the Poisson criterion rather than 5 X B or other multiplicative criteria, two factors will keep the 5 X B criterion in use. The first is that it is easier to use. Often it is possible to assess whether or not a cell reaches 5 X B by simple multiplication while looking through the microscope. In contrast, one must consult a table of cumulative terms of the Poisson distribution to determine whether a cell is labeled. In our laboratory we have diminished the tedium of the assessment of labeling by drawing the perimeters of cells using a camera lucida, counting grains over background and over the cell, and then feeding this information into a microcomputer via a digitizing tablet. The computer automatically calculates one or more criterion levels and determines whether the cell reaches these criteria. A second advantage of the 5 x B criterion is that it can be used in conjunction with the Poisson criterion. For example, if two populations of cells differ primarily in the amount of hormone accumulated, this might
